The body coloration of animals is due to pigment cells derived from neural crest cells, 2 which are multipotent and differentiate into diverse cell types. Medaka (Oryzias latipes) 3 possesses four distinct types of pigment cells known as melanophores, xanthophores, 4 iridophores, and leucophores. The few melanophore (fm) mutant of medaka is 5 characterized by reduced numbers of melanophores and leucophores. We here identify 6 kit-ligand a (kitlga) as the gene whose mutation gives rise to the fm phenotype. This 7 identification was confirmed by generation of kitlga knockout medaka and the findings 8 that these fish also manifest reduced numbers of melanophores and leucophores and fail 9 to rescue the fm mutant phenotype. We also found that expression of sox5, pax7a, pax3a, 10 and mitfa genes is down-regulated in both fm and kitlga knockout medaka, implicating 11 c-Kit signaling in regulation of the expression of these genes as well as the encoded 12 transcription factors in pigment cell specification. Our results may provide insight into 13 the pathogenesis of c-Kit-related pigmentation disorders such as piebaldism in humans, 14 and our kitlga knockout medaka may prove useful as a tool for drug screening. 15 16 17 The body coloration of animals is attributable to pigment cells in the skin that are 2 derived from neural crest cells and which provide protection from ultraviolet light as 3 well as play a role in sexual selection and mimesis. Whereas mammals and birds 4 possess a single type of pigment cell known as a melanocyte, six types of pigment cells 5 known as chromatophores-melanophores (black), xanthophores (yellow), iridophores 6 (iridescent), erythrophores (red), cyanophores (blue), and leucophores (white)-have 7 been identified in fish (Fujii 1993). Given that these pigment cells are all derived from 8 neural crest cells and can be readily distinguished on the basis of their color, fish have 9 been studied as model organisms for characterization of the mechanisms underlying 10 regulation of cell fate determination in multipotent cells. Medaka (Oryzias latipes) 11 possesses four of these chromatophore types: melanophores, xanthophores, iridophores, 12 and leucophores (Takeuchi 1976; Kelsh et al. 1996; Kelsh et al. 2004). 13 Intermediate progenitors and key transcription factors required for fate 14 specification in neural crest cells have been identified (Bhatt et al. 2013). Although the 15 molecular mechanisms of melanophore differentiation in fish have been relatively well 16 characterized, those underpinning the differentiation of other pigment cell types have 17 remained largely unknown. Characterization of the molecular mechanisms responsible 18 for abnormal body coloration is expected to provide insight into the development of 19
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number of melanophores, scales of adults were treated with epinephrine (2 mg/ml) to 23 induce melanin aggregation. Melanophores and leucophores on the dorsal side of each 24 larva were counted at 3 days posthatching (dph), and embryos were also evaluated at 25 stages 26, 30 and 36. The total area of leucophores of each embryo at stage 30 and the 26 area of individual melanophores at stage 36 were measured with Image J software 27 (Schneider et al. 2012) . Xanthophores were counted in larvae and on the scales of adult 28 fish observed under ultraviolet light after treatment with 10uM melatonin for 10min 29 and fixation with 10% paraformaldehyde. Iridophores were evaluated on the basis of iris Sakyo strain. Genomic DNA was purified from fin clips. For sequencing, exons 2 to 4 23 of kitlga were amplified with the use of the Ampdirect reagent and BIOTAQ HS DNA 24 polymerase (Shimadzu). The PCR incubation protocol included an initial incubation at 25 95C for 10 min; 35 cycles at 95C for 30 s, 68C for 30 s, and 72C for 90 s; and a 26 final incubation at 72C for 10 min. The PCR products were separated by 27 electrophoresis, purified with the use of a QIAquick Gel Extraction Kit (Qiagen), and 28 sequenced. The PCR primers for amplification and sequencing were KLG ex2-F 29 (5-TGATCTTAGTCATGTTTTT-3) and Crispr-R 30 (5-AGCAGCACATGGACTTATTCC-3). 23 A phylogenetic tree for kitlg genes was generated by the maximum likelihood method 24 on the basis of amino acid sequences listed in Table S1 and with the use of MEGA-X 25 software (Kumar et al. 2018) . Sequence data are available at GenBank; the accession numbers are listed in Table S1 5 and 2. The fm medaka mutant has reduced numbers of melanophores and leucophores 9 fm medaka is a spontaneous mutant discovered by Takahashi in 1965 and established by 10 Tomita in 1971 (Tomita 1975) . It was first described as having a reduced number of 11 melanophores, but was later shown by Kelsh et al. (2004) to also be characterized by a 12 reduced number of leucophores and an abnormal shape of melanophores. We first 13 examined the numbers of melanophores, leucophores, and iridophores (determined by 14 iris luminosity measurement) in embryos, larvae, and adults of WT, fm heterozygous 15 (fm het), and fm medaka. Xanthophores were also examined in the scales of adult fish as 16 well as on the lateral side of larvae examined under ultraviolet light.
Phylogenetic analysis of kitlg genes in teleosts
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Melanophores were apparent on the dorsal side and yolk sphere and 18 leucophores were detected on the dorsal side of the head in WT embryos at stage 26 19 ( Figure 1A ). Iridophores could not be examined because eyes were not silver at this 20 stage. In contrast to WT and fm het medaka at this stage, melanophores were not found 21 in the center of the head in fm embryos ( Figure 1A -C). At stage 30, melanophores had 22 spread throughout the lateral side of the back and their number had increased in WT and 23 fm het medaka, whereas their number remained low in fm embryos ( Figure 1D -F). The 24 area of leucophore pigmentation was also narrower in fm medaka than in WT and fm het 25 embryos ( Figure 1D -F). At stage 36, many melanophores were visible throughout the 26 entire body, with leucophores coexisting with melanophores along the back, of WT and 27 fm het embryos ( Figure 1G , H). The numbers of melanophores and leucophores in fm 28 had remain lower than those in WT or fm het medaka ( Figure 1G -I). Quantitative 29 analysis revealed that the numbers of both melanophores and leucophores were 30 significantly lower in fm embryos than in WT or fm het embryos from stages 26 to 36 31 ( Figure 1J , K). It was difficult to count the number of leucophores at stage 30, but the 32 total area of these cells was significantly lower in fm embryos than in WT or fm het 1 embryos at this stage ( Figure 1K ). Moreover, melanophores appeared smaller in fm 2 medaka than in WT and fm het embryos at stage 36 ( Figure 1L ). The luminosity value 3 of iridophores at stage 30 or 36 did not differ among the three genotypes ( Figure 1M ).
4
Examination of WT and fm het larvae at 3 dph revealed that most 5 melanophores colocalized with leucophores on the dorsal side and in the head region 6 ( Figure 2A ). In fm medaka, although the differentiation of all chromatophores was 7 apparent, and melanophores and leucophores were also positioned at the dorsal midline, 8 the melanophores appeared smaller than in WT and fm het larvae (Figure 2A ). 9 Furthermore, whereas the numbers of melanophores and leucophores had increased to 10 ~25 in the dorsal midline of the trunk in WT and fm het larvae at 3 dph, those in the fm 11 mutant remained significantly smaller ( Figure 2B ). There was no apparent difference in 12 the number of xanthophores on the lateral side of larvae examined under ultraviolet 13 light ( Figure 2C ). The luminosity value of iridophores in the iris of larvae at 3 dph also 14 did not differ significantly among the three genotypes ( Figure 2D , E).
15
The back of adult WT and fm het medaka appeared black as a result of the large 16 number of melanophores, whereas the fm mutant appeared paler because of the 17 continued reduction in melanophore number ( Figure 3A ). The numbers of 18 melanophores and leucophores on scales were also larger for WT and fm het adults than 19 for fm adults ( Figure 3B , C). The number of xanthophores on scales did not differ 20 significantly among adults of the three genotypes ( Figure 3B , D). The luminosity value 21 of iridophores in the iris was also similar for adults of all three genotypes ( Figure 3E , F).
22
As with embryos and larvae, there were no apparent differences in chromatophores 23 between WT and fm het adults, consistent with the notion that fm is a recessive mutation 24 that reduces the numbers of melanophores and leucophores specifically. To identify the fm locus, we adopted a positional cloning approach. Bulk segregation Figure 4A ). 2 We next focused on the c-Kit signaling pathway given that c-Kit receptor 3 mutants of zebrafish and guppy (Kelsh et al. 2004; Kottler et al. 2013) show marked 4 similarity to the fm medaka mutant. In particular, the embryonic phenotype of the fm 5 mutant, characterized by a reduced number and smaller size of melanophores, was 6 found to be highly reminiscent of that of the zebrafish sparse/kit mutant (Kelsh et al. in the Ensembl database? and found that kita is located on chromosome 4 and kitb on 9 chromosome 1 of the medaka genome. An Ensembl-based search for the map position 10 of the gene encoding Kit ligand (kitlg) revealed that this gene is located in scaffold121, 11 which had not been mapped to a chromosome in MEDAKA1 (Ensembl release 93). The 12 kitlg gene was subsequently mapped to the region spanning 2469132 to 2512640 bp of 13 chromosome 6 (Ensembl genome assembly ASM223467v1). A second kitlg gene was 14 also identified on chromosome 23, however. To examine the relation between these two 15 kitlg genes, we constructed a phylogenetic tree of teleost kitlg genes based on amino 16 acid sequences shown in Table S1 . The kitlg gene on chromosome 6 of medaka was 17 thus found to belong to the kitlga clade and that on chromosome 23 to the kitlgb clade 18 ( Figure S1 ). We therefore designated these two medaka kitlg genes as kitlga and kitlgb, 19 respectively. We designed a kitlga gene marker and found that the gene maps to 20 chromosome 6 between MID0602 and MID0621 and that there was no recombination 21 between the kitlga gene marker and the fm phenotype ( Figure 4A ).
To determine whether the fm mutant harbors a mutation in kitlga, we performed 23 RT-PCR analysis. Such analysis revealed deletion of a portion of kitlga cDNA in the 24 mutant ( Figure 4B ). Analysis by 5-RACE identified a 475-bp deletion corresponding to 25 skipping of exons 2 to 5 ( Figure 4C ). Sequencing of this genomic region of fm medaka 26 revealed substitution of the 3.6-kb region encompassing exons 2 to 5 of the WT gene 27 with a 3.9-kb sequence of unknown origin ( Figure 4D ). The medaka kitlga gene truncated protein that lacks the stem cell factor (SCF) domain and would therefore be 31 expected to be nonfunctional ( Figure 4E) . A BLASTX analysis of the genomic 32 sequence of the mutated kitlga gene in fm medaka revealed that the insertion shows 1 marked sequence similarity to the transposase encoded by the transposon 2 Caenorhabditis briggsae 1 (Tcb1), which has been identified in the genomes of other 3 fish species such as zebrafish and rainbow trout. Moreover, we found that this 4 transposon-like sequence is also present at >100 additional regions of the current 5 Ensembl genome assembly (for medaka ASM223467v1). These results suggested that 6 the phenotype of fm medaka is attributable to insertion of a Tcb1-like transposon at the 7 kitlga locus. To confirm kitlga as the causal gene of the fm mutant, we generated kitlga KO medaka 11 with the use of the CRISPR/Cas9 system and sgRNAs targeted to the splice donor sites 12 of exons 2 and 4 (Ansai and Kinoshita 2014). Microinjection of one cell-stage WT 13 embryos resulted in the generation of some larvae with reduced numbers of 14 melanophores and leucophores at 3 dph, a phenotype similar to that of the fm mutant.
15
Control embryos injected with only sgRNA or Cas9 mRNA failed to give rise to larvae 16 that mimicked the fm phenotype. We outcrossed the kitlga G 0 medaka with WT fish to 17 obtain F 1 medaka, sequence analysis of which revealed that the CRISPR/Cas9 system 18 induced a 9-bp deletion in exon 4 of kitlga that altered the amino acid sequence of the 19 encoded protein ( Figure 5A , B). We then generated homozygous kitlga KO medaka, 20 which again manifested a phenotype indistinguishable from that of the fm mutant 21 ( Figure 5C , D). Given that the kitlga KO medaka were viable and fertile, we performed 22 a complementation test to further verify that kitlga is the causal gene of the fm mutant. 23 We obtained a total of 30 embryos from a cross between kitlga KO medaka and the fm 24 mutant, with all larvae showing the same phenotype as the fm mutant ( Figure 5C ) 25 characterized by reduced numbers of melanophores and leucophores ( Figure 5D ).
26
Together, these results thus indicated that mutation of the kitlga gene is responsible for 27 the fm phenotype of medaka. transcription factor) gene (Schäfer et al. 1994; Lacosta et al. 2005) . To examine the 8 molecular mechanisms underlying the reduction in the numbers of melanophores and 9 leucophores in fm and kitlga KO medaka, we therefore determined the expression levels 10 of pax7a, sox5, pax3a, and mitfa. RT and real-time PCR analysis revealed that the 11 expression of each of these four genes was down-regulated in fm and kitlga KO larvae 12 relative to WT larvae ( Figure S2 ), suggesting that such down-regulation may contribute 13 to the mutant phenotype. 14 15 DISCUSSION 16 We have here identified kitlga as the gene responsible for the fm mutant of medaka, analyses revealed that the fm mutation is a deletion of exons 2 to 5 of kitlga and their 20 replacement with a transposon-like sequence, which likely gives rise to a null allele of 21 kitlga. Larvae of kitlga KO medaka established with the CRISPR/Cas9 system also 22 manifested reduced numbers of melanophores and leucophores, and the progeny of a 23 cross between fm and kitlga KO medaka showed the same phenotype, reinforcing the 24 notion that kitlga is the causal gene of fm medaka.
25
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